ABSTRACT: The hypothesis that larval herring Clupea harenyus select food by type as well as size was tested in laboratory experiments. Herring larvae were reared at 7 to 9'C on wild zooplankton. The percentage of herring larvae with food at day's end increased from 4 % (4 d) to 68 % (9 d) and averaged 83 % for larvae 25 to 74 d old. Larval herring selected particles according to type as well as size; this selectivity varied with larval age and hence size. Copepod nauplii and copepodites were preferred by larvae of all sizes. Among copepodites, Pseudocalanus sp, and Oithona sp. were preferred by smaller and larger larvae, respectively, while Acartia sp. was rarely ingested, even when of acceptable size. Mollusc veligers comprised a significant portion of the diet of young (4 to 24 d) larvae but were actively rejected by older larvae even when perceived and of acceptable size. Particles smaller than the largest acceptable size were consistently preferred, atypical of predation by vertebrates. These results indicate that larval herring select prey according to type as well as size and that this behavior is acquired through experience.
INTRODUCTION
Larvae of the Atlantic herring Clupea harengus are visual predators on the plankton. Feeding behavior consists of particle perception, assumption of an Sshaped strike posture, attack, and capture (Rosenthal and Hempel, 1970) . Selective ingestion of a particular food out of an available particle assemblage might result from its high visibility, high capture probability, or preference (cf. Murdoch, 1969) by herring larvae. Hence, particle characteristics of potential significance to selection include size and type which, in turn, includes the specific attributes of shape, inherent contrast, and movement. Particle size has been the primary variable considered in studies of planktonic food selection. Food particles must be narrower than the mouth diameter (Blaxter, 1965; Shirota, 1970) . The maximum distance that a particle is perceived by fish larvae is positively related to its size (Ware, 1973; Werner and Hall, 1974) . According to optimal foraging theory, when 2 or more particles are perceived simultaneously, a predator should chose the largest accept-* The University of Texas Marine Science Institute Contribution No. 543 able particle (Confer and Blades, 1975; Pyke et al., 1977) . Hence, on the basis of particle size alone, the largest acceptable particles are expected to comprise a larger fraction of the diet than of the assemblage available to herring larvae, typical of predation by vertebrates (Brooks and Dodson, 1965) .
The types of food observed in the guts of herring larvae collected at sea are phytoplankton and zooplankton, especially copepod nauplii, copepodites, and larval invertebrates (Hardy, 1924; Lebour, 1924 Lebour, , 1933 Marshal1 et al., 1937; Bhattacharyya, 1957; Sherman and Honey, 1971; Schnack, 1972; Last, 1980; Cohen and Lough, 1981) . Reared herring larvae offered wild plankton also ingest these prey types (Blaxter, 1965; Rosenthal and Hempel, 1970) . In these cases, however, the available particle assemblages were not known precisely and, hence, information on food selection is unavailable.
In t'he present study, I test the hypothesis that herring larvae select food on the basis of prey type as well as size. Herring larvae were reared with wild plankton as food. Selection experiments were conducted periodically and the types and sizes of available and ingested particles were compared and related to the length of larval herring. Complementary observations of rejected particles were made on one occasion. The results show that herring larvae select food on the basis of type as well as size and suggest that this behavlor is acquired through experience.
MATERIALS AND METHODS
Gametes from autumn-spawning herring collected near the Isle of Man were fertilized in the laboratory and incubated at 7 to g0C (cf. Blaxter, 1968) . The resultant larvae were reared at 9°C in 98-1 black tubs with overhead fluorescent illumination on a 14L: 10D cycle. Seawater circulated between a reservoir and the rearing tubs. Approximately one fourth of the system's water was replaced every 2 d with filtered (30 pm) seawater from Loch Ewe on the west coast of Scotland. Plankton was collected every 2 to 3 d from the upper 3 m of Aberdeen Bay with a 60-pm mesh net, filtered (500 to 1000 ym) to remove predators such as Lernaeocera sp. (Rosenthal, 1967) , and let stand at 7 to g°C. Sediment was removed each morning by siphoning and the remaining plankton was added to the rearing tubs. Sediment in the tubs, including feces and dead plankton and larvae, was removed daily by siphoning. Live herring larvae were removed by pipette or beaker for inspection or experimentation.
Selection experiments were conducted under similar conditions of light and temperature in black plastic tubs containing 27 or 98 1 of filtered (30 pm) Loch Ewe seawater to which plankton was added. Plankton was collected with either a 60-or 250-pm mesh net from the surface waters of Aberdeen Bay or Loch Ewe, filtered (132 to 1000 pm) to remove large particles, sampled for dry weight measurement (60°C, 24 h), and let stand overnight at 7 to 9 'C. Sediment was siphoned away the following morning and the remaining plankton mixed, subsampled for dry weight measurement, and aliquots were added to the experimental tubs to make an approximate final concentration of 0.20 mg dry wt 1-l (10-250 particles I-'). Aliquots (>500 particles) of plankton were also preserved in dilute Formalin for microscopic analysis. Herring larvae were transferred from rearing to experimental containers before dawn. In late afternoon and evening, individual larvae were removed, anaesthetized with MS-222, and observed under a dissecting microscope. Anaesthetized herring larvae are transparent, except for melanophoes (Fig. 1) ; hence, each food item was identified and its width and length measured using an ocular micrometer. Fish larvae were then measured, rinsed with distilled water, dried (24 h, 60°C), and weighed. An aliquot (> 500 particles) of the final available particle assemblage was retained on a 30-pm mesh filter and preserved in dilute Formalin for later analysis. Particles in the preserved samples were identified, enumerated, and their length and width measured under a dissecting microscope.
On one occasion, particles rejected by herrring larvae were sampled in addition to those available and ingested. Rejected particles were investigated by herring larvae in the S-shaped strike posture but not attacked. Particles rejected in the upper 8 cm of water were removed with a micropipette and identified and measured under a dissecting microscope.
Alpha (Chesson, 1978) was used as a measure of food where the portion, in terms of numbers, of particle type i in the ingested food = r,; in the available particulate matter = n,; m = number of particulate types considered. Alpha ranges from 1 (exclusive ingestion) to 0 (no ingestion) for a particle type and measures the preference for prey type i relative to other prey types considered. Beta, an index of particle rejection, was computed similarly:
where g, = portion of particle type i in the assemblage of rejected particles. Beta ranges from 0 (no rejection) to 1 (exclusive rejection). Chi-square was computed using the frequencies of available and ingested or rejected particles in most cases where alpha and beta were computed.
RESULTS
The length of herring larvae at age 4 d , when feeding was first observed, was 10.4 + 0.1 mm
Most fish absorbed all their yolk by age 6 d. The portion of herring larvae with food at day's end was asymptotically related to the age of larvae, rising from 4 % (age 4 d) to 68 % (age 9 d) and averaging 83 -t-12 % for larvae 25-74 days old Table l . Copepod nauplii were the numerically (11-22 mm standard length, respectively). Fish dominant food of young herring larvae, although siginspected prior to dawn contained little or no food in nificant numbers of mollusc veligers and other types of their guts.
food were also ingested. By contrast, copepodites were the numerically dominant food of older herring larvae; food types other than copepods, including mollusc veligers, comprised less than 1 % of their diets. The The composition of the diets of fish from first feeding null hypothesis that the age of herring larvae and prey until age 24 d and from ages 25 to 74 d is shown in type are not associated was rejected (2 = 471.7, Larval Diets for all experimental fish. All herring larvae were cap-. . Larger herring larvae ingested wider prey than did smaller larvae. The width of the widest prey in individual fish increased significantly with fish length. The width of widest prey in individual fish is shown regressed on fish length in Fig. 2 , together with regressions of average and minimum prey width on length Food Selection Small herring larvae selected copepod nauplii and large herring larvae selected several types of copepodites ( Table 2 ). The frequencies of particle types available and ingested were significantly different ( Table 3) . Mollusc veligers, though available, were rarely ingested. If only prey narrower than the widest prey normally ingested by fish of a particular size (i.e. less than the upper regression in Fig. 2 ) are used to calculate alpha, the same results obtain as in Tables 2  and 3 . Hence, the larger size of copepodites did not physically preclude their ingestion by small fish. Alpha for copepod nauplii, copepodites, and mollusc veligers is shown in relation to fish length in Table 4a . Only experiments in which all 3 particle types were available were considered. Herring larvae switched their preference from nauplii to copepodites at approximately 17 mm. Mollusc veligers were consistently absent from the diets of fish in all selection experiments. The relative preference for copepodites was calculated for each experiment in which significant numbers of Pseudocalanus sp., Acartia sp., Oithona sp. were present (Table 4b ). The data indicate an increase in preference for Oithona sp. and a decrease in preference for Pseudocalanus sp. as herring larvae grow and an absence of Acartia sp. in the diet of all larvae.
Herring larvae selected particles narrower than the widest they were capable of ingesting. For each experiment, alpha was calculated for categories of particle width that contained significant numbers of available particles. In the first case, all particle types were considered (Fig. 3, filled circles) . Only in Experiment 4 were the size distribution of available and ingested particles not significantly different (Table 3 ). In the second case, feces of herring larvae. Alpha and beta were also computed for four classes of particle widths (Table 6 ). Small and medium sized particles were both preferentially ingested and rejected, suggesting that particle size alone was not the cause of particle rejection. only particle types ingested at least once in an experiment were used (Fig. 3 , Open cir- Table 6 . Clupea harengus. Chi-square comparison of frecles). In both cases, particles narrower than the widest quency distributions of available and ingested particles in available and acceptable were preferred. rejection experiments. All types of particles in each experiment were considered
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Feeding by herring larvae between 13 and 15 mm long was visually observed. Alpha and beta were calculated for the dominant particle types ( 
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DISCUSSION AND CONCLUSION
The initiation of feeding by herring with yolk has been observed for both wild (Lebour, 1924; Bhattacharyya, 1957) and reared (Rosenthal and Hempel, 1970) larvae. An asymptotic relation between the portion of fish with food at day's end and their age is expected for a population whose members commence feeding at different ages and where capture success increases with age. The asymptotic value (83 & 13 %) reported here exceeds most values observed for herring larvae collected at sea (e. g. 39 %, Lebour, 1924; 30 %, Marshall et al., 1937; 35 %, Bhattacharyya, 1957 ; 50 % for North Sea, 84 % for Baltic Sea, Schnack, 1972;  35 %, Last, 1980; < 49 % , Cohen and Lough, 1981) . Fish larvae caught at sea may void their gut upon capture, feed less often than reared larvae, or both.
The types of particles eaten by herring larvae in the present study became less diverse as fish aged. Food types other than copepods, including mollusc veligers, phytoplankton, and unidentifiable items, comprised 24 % of the diet of young herring larvae but only 1 % of the diet of older larvae. A similar trend in diet composition has been observed for wild herring (Lebour, 1924) , with yolk sac larvae ingesting approximately equal amounts of phytoplankton, mollusc veligers, and copepods and post-yolk sac larvae eating primarily copepods. Less frequently, herring larvae have been collected at sea after yolk absorption with mollusc veligers being the dominant food type in their guts (Bowers and Williamson, 1951; Bhattacharyya, 1957; Schnack, 1972) . Mollusc veligers are ingested by young herring larvae reared in the laboratory (Lasker et al., 1970 , and references therein). Hence, the pattern of diet composition observed here is consistent with that observed in other studies of wild and reared herring larvae.
Larger fish ate larger prey but smaller than predicted by theory based on size alone. If food is selected in relation to its size rather than type, large particles would comprise a greater fraction of the diet than of the available particle assemblage and alpha would increase with particle size. Contrary to expectation, alpha was greatest for small particles (Fig. 3) . When only acceptable types of particles (i.e. primarily copepod nauplii and copepodites) are used to calculate alpha, similar results obtain. The visibility and, hence, perception of a particle is related to its inherent contrast and movement (Kislalioglu and Gibson, 1976; Eggers, 1977) , in addition to its size. Both copepod nauplii and copepodites are of similar contrast. Prey movement increases visibility and should favor the perception of larger, faster copepodites. Beyer (1980) predicted that the optimal width of herring larvae prey is positively related to but less than the mouth gape, based on the probability of successful strikes on different sized prey. Beyer's optimal prey widths are significantly greater than the mean or preferred prey widths observed in the present study. Cohen and Lough (1981) found the mean width of prey in wild herring larvae was also narrower than Beyer's prediction of optimal width, although the size of available particles is unknown. Hence, the observed selection for small prey does not appear to result from variations in prey visibility due to size, contrast, or movement. Copepodites are known to avoid predators more successfully than are copepod nauplii (Landry, 1978) . Similar selection for prey smaller than predicted on the basis of prey visibility and optimal foraging was shown for northern anchovy (Engraulis mordax) larvae (Arthur, 1976) , 15-spined stickleback (Kislalioglu and Gibson, 1976) , and juvenile chum salmon (Feller and Kaczynski, 1975) .
Certain types of particles were preferred by older larvae. Although the particle assemblage available to 4 to 24 d-old fish is not known, their diet suggests they were less selective than older larvae, who fed exclusively on copepod nauplii and copepodites (Table 1) . Mollusc veligers, phytoplankters, especially Halosphaera viridis, and detrital particles were available to older larvae yet never ingested; particles of these types were often perceived, inspected, and rejected. Mollusc veligers, in particular, were perceived, probably due to the opacity of their shell and resultant high visibility, and rejected out of proportion to their availability (Tables 4a and 5 ). The size distributions of rejected and ingested particles were similar ( Table 6 ) . These results suggest that the type rather than the size of particles was the primary criterion for acceptance or rejection.
The preference for Pseudocalanus sp. and Oithona sp. and avoidance of Acartia sp. copepodites is further evidence for selection by type rather than size. The gut contents of larvae collected at sea show similar patterns (Hardy, 1924; Lebour, 1924; Marshal1 et al., 1937; Bowers and Williamson, 1951; and Last, 1980) . Each species of copepod has a characteristic pattern of movement by which, in addition to size, shape and color, it may be recognized (Shuvayev, 1979) . Acartia sp. has the greatest burst speed and perhaps ability to escape. Hence, the observed preferences may reflect either differential visibility, escape capability, or both.
The lack of feeding on certain particle types probably reflects their nutritional value (assimilable energy or protein) to herring larvae and results from experience. Detrital particles, including copepod exuvia and the feces of hemng larvae, are of comparatively low nutritional value. When ingested, Halosphaera viridis and mollusc veligers showed little evidence of digestion, even amongst digested copepods, in the posterior of the hindgut. Mollusc veligers enhanced the growth of food-limited northern anchovy larvae only slightly (Lasker et al., 1970) and appeared undigested in the guts of northern anchovy (Arthur, 1976) and herring larvae (Bhattacharyya, 1957; Schnack, 1972) collected at sea. Mollusc larvae are known, at times, to pass live through their predators' guts (Mileikovsky, 1974) . Hence, experienced herring larvae appear to reject particles of low and select those of high nutritional value, especially copepods. Recognition of different prey types may depend on prey shape, contrast, and movement, in addition to size. Scura and Jerde (1977) observed analagous preferences for certain types of phytoplankton by northern anchovy Engraulis mordax and suggested nutritional value as a criterion for acceptance or rejection.
Herring larvae appeared unable to digest all copepod lipids. The remains of late stage copepodites of Pseudocalanus sp. in the posterior portion of the hindgut of larval herring consisted of carapaces and oil droplets (Fig. 1 A) . Juvenile and adult herring assimilate copepod lipids, perhaps due to their retention and digestion in the pyloric caecae (Sargent et al., 1979) . Larval herring have a straight gut and lack caecae and, hence, may be unable to digest copepod lipids. The inefficient assimilation of lipids may reduce the preference by larval herring for large, late-stage copepodites containing oil. Juvenile and adult herring would benefit by selecting such prey, however.
The presence of mollusc veligers and other food of low nutritive value in the guts of larval herring may reflect the inexperience of young larvae and the lack of more nutritious food for old lawae in nature. Selection for food of greatest nutritional value (e.g. copepods) increased with age in the present study and has, in general, been observed for herring larvae in culture (Rosenthal and Hempel, 1970) and collected at sea (Lebour, 1924; Bowers and Williamson, 1951; Schnack, 1972) . Veligers, however, occasionally dominate the diets of wild larvae (Lebour, 1924; Bowers and Williamson, 1951 ; Bhattacharyya, 1957; Schnack, 1972) . Similarly, the diet of northern anchovy larvae at times is dominated by pteropod mollucs (Arthur, 1976) and the dinoflagellate Gonyaulax polyedra (Scura and Jerde, 1977) , both of doubtful nutritive value, In the absence of more nutritious foods, herring and other fish larvae may ingest food of low value. The frequency and significance of this occurrence in nature is unknown.
Predators on the plankton are often typed as invertebrate or vertebrate (Brooks and Dodson, 1965; Steele and Frost, 1977) . Invertebrate predators select small prey while vertebrate predators select large prey from their respective assemblages of available prey. My results suggest that herring behave, as larvae, like invertebrate predators. The results of Hardy (1924) indicate that juvenile and adult h e m n g behave like vertebrate predators, preferring large copepods.
Hence, the predatory behavior of herring may develop from the invertebrate type for the planktonic larvae to the vertebrate type for the nektonic juveniles and adults.
In conclusion, herring larvae select food on the basis of type as well as size. Feeding behavior consists of particle perception, the decision to attack or reject the perceived particle, and the attack. Differential visibility appears to affect perception of particles of the same size but different types, such as mollusc veligers and copepods with high and low contrast, respectively. The decision to attack or reject a particle is related to the type of the particle as well as to its size and probably depends on the particle's nutritive value to the larvae. The success of an attack will depend on the escape ability and, hence, type of the potential prey. Future investigations, including realistic models, of feeding by larval fish should consider both the type and size of particles available in the sea.
